In the recent era, hydrogen has gained immense consideration as a clean-energy carrier. Its storage is, however, still the main hurdle in the implementation of a hydrogen-based clean economy. Liquid organic hydrogen carriers (LOHCs) are a potential option for hydrogen storage in ambient conditions, and can contribute to the clean-fuel concept in the future. In the present work, a parametric and simulation study was carried out for the storage and release of hydrogen for the methylcyclohexane toluene system. In particular, the methylcyclohexane dehydrogenation reaction is investigated over six potential catalysts for the temperature range of 300-450 • C and a pressure range of 1-3 bar to select the best catalyst under optimum operating conditions. Moreover, the effects of hydrogen addition in the feed mixture, and byproduct yield, are also studied as functions of operating conditions. The best catalyst selected for the process is 1 wt. % Pt/γ-Al 2 O 3 . The optimum operating conditions selected for the dehydrogenation process are 360 • C and 1.8 bar. Hydrogen addition in the feed reduces the percentage of methylcyclohexane conversion but is required to enhance the catalyst's stability. Aspen HYSYS v. 9.0 (AspenTech, Lahore, Pakistan) has been used to carry out the simulation study.
Introduction
Conventional fuel-based power generation systems are the major contributors to air pollution in the modern era. Researchers all over the world are in the continuous effort to introduce environmentally friendly fuels not only to cope up with this issue but also to fulfill the future fuel demand. Over the years, various solutions have been projected to assuage ecological impairment and future fuel deficiency. Onboard hydrogen storage is one of those viable solutions which propose hydrogen usage as a fuel in proton-exchange membrane (PEM) fuel cells, hydrogen-fired gas turbines, or in internal combustion engines [1] [2] [3] . The hydrogen-based energy system has potential as a future fuel, as in comparison to other available fuels, hydrogen has maximum energy per unit mass, i.e., 119 kJ/gm at normal temperature and pressure (NTP), with no greenhouse gases as the product of combustion. The global environmental index for various fuels is presented in Table 1 , which shows that hydrogen as a fuel is comparatively cleaner than various fossil fuels [4] . Table 1 . Global environmental index for various fuels (Adapted from [4] ).
Fuel
Environmental Impact (i env ) Water is not included as it is not considered as a pollutant in the post-combustion process.
However, chemically, hydrogen is not available freely like other fossil fuels, so it is considered as the carrier of energy, not as a fuel [1, 5] . The problems associated with the hydrogen system is its storage and transportation [1, 2] . Various techniques are under investigation for the advancement of a cost-effective and safe system for the efficient storage of hydrogen, such as liquefaction, compression, absorption in a metal-organic framework, nanotubes, etc. Among others, liquid organic hydrogen carriers (LOHCs) are the compounds (mainly aromatics) that can be used to store and transport hydrogen (4-7 wt. %) via reversible reactions of hydrogenation and dehydrogenation. This concept provides a solution towards the implementation of a sustainable and efficient hydrogen-based economy, i.e., the solution to the transportation and storage problems of hydrogen [2, 3, 6] . A comparison of energy and cost assessments of various hydrogen-storage techniques is presented in Table 2 [3]. Energy consumption takes place during the processing, storage, and transportation of hydrogen, and must be considered in the calculations of the energetic efficiency of the system. The energy consumption can also be termed as energy loss/waste heat, which cannot be regained economically [3].
Among the various H 2 storage techniques, three potential candidates, i.e., LOHC (MCH-toluene system), NH 3, and Liquid H 2 have been compared. The comparison has been presented in Table 3 [7] . The gravimetric density of liquid H 2 is highest, followed by NH 3 and LOHC. For the storage of hydrogen through NH 3 , MCH and Liquid H 2 , existing infrastructure along with established rules and regulations are developed. The regeneration temperatures required for the NH 3 system are in the range of 400-500 • C, compared with 100-200 • C for the LOHC system. Therefore, LOHC has been termed as an efficient technique, as it is comparatively the most established and efficient technique [7] .
Various systems exist under the umbrella of LOHC, the comparisons of which have been presented in Table 4 [7] [8] [9] . The comparison shows that despite the lower gravimetric and volumetric densities of the MCH-toluene system, this system has better applicability due to the following reasons, among others:
• MCH and toluene exist in liquid form, and have no handling issues, unlike the naphthalene-decalin system, in which naphthalene exists in a solid state, thus causing handling issues, making this system unfavorable for operation.
•
Comparatively, benzene is more toxic than methylcyclohexane. As reported by US health exposure limits (NIOSH), the permissible exposure limit of benzene is 1 ppm and methylcyclohexane is 500 ppm. An exposure limit of 500 ppm of benzene causes immediate danger, while 1200 ppm of MCH does the same.
The dibenzyl toluene-perhydro-dibenzyl toluene (DBT-PBT) system has a higher energy requirement for the dehydrogenation process as compared to the methylcyclohexanetoluene-hydrogen (MTH) system, making this system unfavorable for operation [3,7,10-13]. Table 4 . Comparison of various liquid organic hydrogen carriers (LOHCs) for hydrogen storage [7] [8] [9] . An overall LOHC system comprises reversible cycle hydrogenation and dehydrogenation for storage and release of hydrogen respectively. Although hydrogenation is achieved with good efficiency (98% efficiency), still the dehydrogenation or unloading step is a major hurdle in this process [14] .
Characteristics

Benzene-Cyclohexane System
Naphthalene-Decalin System
DBT-PDBT System
MCH-Toluene System
Various researchers conducted the experimental work to investigate the methylcyclohexane dehydrogenation and byproducts formation rate using various catalysts. Taube catalyst, based on the power law and LHHW models and concluded that the LHHW model is the best fit for the system with this catalyst. Hydrogen addition in the feed promoted the dehydrogenation rate and reported a MCH conversion of 99.3% [19] . Usman et al., used 1 wt. % Pt/zeolite beta catalyst for both hydrogenation and dehydrogenation systems, and reported that % conversion of MCH was not clean, i.e., there was a high rate of byproduct formation. The authors reported MCH conversion of 83.32% for the dehydrogenation system, while 90.93 % conversion was Energies 2020, 13, 206 5 of 15 reported for the hydrogenation system [20, 21] . Usman et al., used 1 wt. % Pt/γ-Al 2 O 3 catalyst, and reported a MCH conversion rate of 97% [22] . Usman et al. studied MCH dehydrogenation using a catalytic fixed-bed reactor to determine the selectivity and activity of the various catalysts. Percentage of MCH conversion using various catalysts is summarized in Table 5 [20] . Chen et al. designed and optimized the catalytic membrane reactor for MCH dehydrogenation to produce hydrogen [23] . Wang et al., carried out MCH dehydrogenation using Pt/Ce-Mg-Al-O catalyst, and achieved a MCH conversion rate of 98.5% [24] . Obara carried out energy and exergy analysis of a complete hydrogen energy supply chain using MCH and reported the total efficiency to be 18% with a heat to power ratio of 0.931 [25] . The literature survey shows that the MCH dehydrogenation process has been examined experimentally by various researchers. However, simulation aspects have not been covered appropriately, i.e., the present literature shows that kinetic data has not been studied and conversion reactors have been used to present the dehydrogenation system. The performance of the dehydrogenation system is mainly dependent on temperature and pressure conditions, and the percentage of conversion changes with changes in operational conditions and use of suitable catalysts [22, 26, 27] . The rate of reaction is dependent on the properties of the catalyst, i.e., activity, selectivity and stability. Percentage of conversion increases with the increase in selectivity of the catalyst. Both activity and selectivity of the catalyst are dependent on the nuclearity of the support material. However, there exists a trade-off between activity and selectivity, which is dependent on the nuclearity of support material [28, 29] . The optimum value of temperature and pressure promotes the reaction rate, thus increasing the percentage of conversion of the system. However, for the catalytic system, the optimum values of temperature and pressure have a direct relationship with the catalyst deactivation [30] [31] [32] .
The present study intends to address this research gap by investigating methylcyclohexane dehydrogenation for the hydrogen release and storage, based on a simulation-parametric study. The six catalysts are investigated for the dehydrogenation system to select the best catalyst for the process, under the optimum operational conditions, i.e., temperature, pressure, and hydrogen concentration at the reactor inlet. Aspen HYSYS v. 9.0 has been used to carry out the simulation study.
Simulation Study
Aspen HYSYS v. 9.0 was used to carry out the simulation of the overall system. The complete schematic of the system is presented in Figure 1 , out of which the dehydrogenation system has been taken for this study. The remaining system has been studied previously [33] .
at the reactor inlet. Aspen HYSYS v. 9.0 has been used to carry out the simulation study.
Aspen HYSYS v. 9.0 was used to carry out the simulation of the overall system. The complete schematic of the system is presented in Figure 1 , out of which the dehydrogenation system has been taken for this study. The remaining system has been studied previously [33] . Methylcyclohexane and hydrogen are fed to the dehydrogenation reactor. The purpose of the addition of hydrogen in the feed is to enhance the stability of the catalyst. The types of the catalysts used is presented in Table 6 . Table 6 . Catalysts used for the study. Methylcyclohexane and hydrogen are fed to the dehydrogenation reactor. The purpose of the addition of hydrogen in the feed is to enhance the stability of the catalyst. The types of the catalysts used is presented in Table 6 . The overall process description is demonstrated in Figure 2 .
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Catalyst-6 0.3 wt. % Pt-Re/Al2O3 Power Law k = 1.336 × 10 −5 Ea = 51.9 [16] Units of k = mols −1 g-cat −1 . Pa, Ea = kJ/mol, K = Pa −3.
The overall process description is demonstrated in Figure 2 . The reactor model assumed in Aspen HYSYS v. 9.0 is Plug Flow. Peng-Robinson has been used as the thermodynamic property package. The process initiates with the feed pump, which is used to supply methylcyclohexane to the dehydrogenation reactor. Feed pre-heating takes place before pumping, through the following routes: The methylcyclohexane (MCH-4) is fed to the dehydrogenation reactor (DeH-Reactor), where methylcyclohexane dehydrogenation to toluene and hydrogen is carried out using a suitable catalyst. The hydrogen addition is also done with the feed (after compression) to increase the catalyst stability and activity. Initially, the electrolysis section provides the hydrogen for the plant startup. Toluene and hydrogen production take place in the dehydrogenation reactor, which are separated using a separator. The separated hydrogen is fed/recycled to the dehydrogenation reactor (with methylcyclohexane) replacing hydrogen from the electrolysis section. The products of dehydrogenation reactor (DeH-1), after exchanging heat to methylcyclohexane (MCH-3) in the superheater (DeH-2), are sent to the separator for separation of hydrogen and other products. Part of the hydrogen is recycled, while part of the hydrogen is used to generate superheated steam (by reaction with oxygen in the steam generator). The superheated steam drives the steam turbine and the saturated steam (Steam) is used for pre-heating and vaporizing of the feed. The outlet steam (Steam-2) from the vaporizer is used in the different industrial processes. The reactor model assumed in Aspen HYSYS v. 9.0 is Plug Flow. Peng-Robinson has been used as the thermodynamic property package. The process initiates with the feed pump, which is used to supply methylcyclohexane to the dehydrogenation reactor. Feed pre-heating takes place before pumping, through the following routes: The methylcyclohexane (MCH-4) is fed to the dehydrogenation reactor (DeH-Reactor), where methylcyclohexane dehydrogenation to toluene and hydrogen is carried out using a suitable catalyst. The hydrogen addition is also done with the feed (after compression) to increase the catalyst stability and activity. Initially, the electrolysis section provides the hydrogen for the plant startup. Toluene and hydrogen production take place in the dehydrogenation reactor, which are separated using a separator. The separated hydrogen is fed/recycled to the dehydrogenation reactor (with methylcyclohexane) replacing hydrogen from the electrolysis section. The products of dehydrogenation reactor (DeH-1), after exchanging heat to methylcyclohexane (MCH-3) in the superheater (DeH-2), are sent to the separator for separation of hydrogen and other products. Part of the hydrogen is recycled, while part of the hydrogen is used to generate superheated steam (by reaction with oxygen in the steam generator). The superheated steam drives the steam turbine and the saturated steam (Steam) is used for pre-heating and vaporizing of the feed. The outlet steam (Steam-2) from the vaporizer is used in the different industrial processes.
The produced toluene is used for hydrogen storage in the hydrogenation reactor by reaction with hydrogen to yield methylcyclohexane. This reaction is highly exothermic and reaction heat is utilized to produce steam for power generation. The hydrogenation section is not considered in this study. The storage of the toluene is carried out at ambient temperature. Two main byproducts, i.e., cyclohexane and benzene, are considered in the study.
Operational conditions and catalysts are simultaneously varied in the simulation study to observe effect on the percentage of MCH conversion rate: 
Results
The operating parameters are concurrently altered to determine the percentage of methylcyclohexane (MCH) conversion for all the six catalysts used in the parametric study. The parametric study is done considering two cases:
The H 2 /MCH ratio has been defined on weight ratio, and both MCH and H 2 are feed into the dehydrogenation reactor in vapor form.
The effect of operational parameters on the methylcyclohexane conversion is presented in Figure 3 for the pressure of 1 bar and temperature range of 300-450 • C. The trend suggests that catalyst-3 and catalyst-5 give the maximum % MCH conversion, i.e., above 99%, followed by catalyst-1, catalyst-4, catalyst-2, while catalyst-1 provides the comparatively lowest percentage of MCH conversion, i.e., a maximum of 95% efficiency at 450 • C.
•
Temperature range: 300-450 °C. • Concentration of hydrogen in the feed: H2/MCH ratio (by weight) at a value of 0 and 0.5.
Results
The operating parameters are concurrently altered to determine the percentage of methylcyclohexane (MCH) conversion for all the six catalysts used in the parametric study. The parametric study is done considering two cases: • H2/MCH ratio = 0 • H2/MCH ratio = 0.5
The H2/MCH ratio has been defined on weight ratio, and both MCH and H2 are feed into the dehydrogenation reactor in vapor form.
The effect of operational parameters on the methylcyclohexane conversion is presented in Figure 3 for the pressure of 1 bar and temperature range of 300-450 °C. The trend suggests that catalyst-3 and catalyst-5 give the maximum % MCH conversion, i.e., above 99%, followed by catalyst-1, catalyst-4, catalyst-2, while catalyst-1 provides the comparatively lowest percentage of MCH conversion, i.e., a maximum of 95% efficiency at 450 °C. The effect of operational parameters on the methylcyclohexane conversion is presented in Figure 4 for the pressure of 1.8 bar and temperature range of 300-450 °C. The trend is the same as for the operating pressure of 1 bar. However, in the temperature range of 420-450 °C, the percentage of MCH The effect of operational parameters on the methylcyclohexane conversion is presented in Figure 4 for the pressure of 1.8 bar and temperature range of 300-450 • C. The trend is the same as for the operating pressure of 1 bar. However, in the temperature range of 420-450 • C, the percentage of MCH conversion rate for catalyst-2 is better than catalyst-4, and nearly the same as with catalyst-1, i.e., approximately 93% conversion in this temperature range.
The effect of operational parameters on the methylcyclohexane conversion is presented in Figure 5 for the pressure of 3 bars and temperature range of 300-450 • C. Catalyst-3 gives the highest percentage MCH conversion rate, i.e., a maximum of approximately 92% efficiency at 450 • C. The percentage MCH conversion rates for catalyst-5 and catalyst-4 are comparable at this pressure value and temperature range. However, it remains below 90% even at a temperature of 450 • C. Following these two catalysts, catalyst-1 gives a maximum percentage conversion rate of approximately 78%, catalyst-6 gives a conversion rate of approximately 53%, while catalyst-2 gives the lowest percentage MCH conversion rate, i.e., approximately 44%. conversion rate for catalyst-2 is better than catalyst-4, and nearly the same as with catalyst-1, i.e., approximately 93% conversion in this temperature range. The effect of operational parameters on the methylcyclohexane conversion is presented in Figure 5 for the pressure of 3 bars and temperature range of 300-450 °C. Catalyst-3 gives the highest percentage MCH conversion rate, i.e., a maximum of approximately 92% efficiency at 450 °C. The percentage MCH conversion rates for catalyst-5 and catalyst-4 are comparable at this pressure value and temperature range. However, it remains below 90% even at a temperature of 450 °C. Following these two catalysts, catalyst-1 gives a maximum percentage conversion rate of approximately 78%, catalyst-6 gives a conversion rate of approximately 53%, while catalyst-2 gives the lowest percentage MCH conversion rate, i.e., approximately 44%. The operating conditions are varied to determine the byproducts formation rate, especially with cyclohexane and benzene. Figure 6 reveals that with the increase in pressure or decrease in temperature of the dehydrogenation reactor feed, the byproducts formation rate increases, while the reverse trend is observed with a decrease in feed pressure of the dehydrogenation reactor, or with an increase in temperature. The operating conditions are varied to determine the byproducts formation rate, especially with cyclohexane and benzene. Figure 6 reveals that with the increase in pressure or decrease in temperature of the dehydrogenation reactor feed, the byproducts formation rate increases, while the reverse trend is observed with a decrease in feed pressure of the dehydrogenation reactor, or with an increase in temperature.
The operating conditions are varied to determine the byproducts formation rate, especially with cyclohexane and benzene. Figure 6 reveals that with the increase in pressure or decrease in temperature of the dehydrogenation reactor feed, the byproducts formation rate increases, while the reverse trend is observed with a decrease in feed pressure of the dehydrogenation reactor, or with an increase in temperature. The main byproducts considered for the dehydrogenation reactor operation are cyclohexane and benzene. Figure 7 reveals that with the increase in pressure or decrease in temperature of the dehydrogenation reactor feed, the dehydrogenation of cyclohexane to benzene decreases, so at high pressure or low temperature, the cyclohexane is the main byproduct. The main byproducts considered for the dehydrogenation reactor operation are cyclohexane and benzene. Figure 7 reveals that with the increase in pressure or decrease in temperature of the dehydrogenation reactor feed, the dehydrogenation of cyclohexane to benzene decreases, so at high pressure or low temperature, the cyclohexane is the main byproduct. With the decrease in pressure or increase in temperature, the cyclohexane dehydrogenation to benzene increases, therefore, the benzene is the main byproduct at low pressure and high temperature, in accordance with the experimental results of Usman et al. [34] . The trend is presented in Figure 8 . With the decrease in pressure or increase in temperature, the cyclohexane dehydrogenation to benzene increases, therefore, the benzene is the main byproduct at low pressure and high temperature, in accordance with the experimental results of Usman et al. [34] . The trend is presented in Figure 8 . With the decrease in pressure or increase in temperature, the cyclohexane dehydrogenation to benzene increases, therefore, the benzene is the main byproduct at low pressure and high temperature, in accordance with the experimental results of Usman et al. [34] . The trend is presented in Figure 8 . The rankings of the catalysts used in the dehydrogenation reactor, with varying conditions of temperature and pressure as demonstrated in Table 7 , with 1 being the most effective and 6 being the least The rankings of the catalysts used in the dehydrogenation reactor, with varying conditions of temperature and pressure as demonstrated in Table 7 , with 1 being the most effective and 6 being the least effective. The ranking of the catalysts has been decided, which is based on the percentage MCH conversion rate. Notation 1 means comparatively best performance for studied parameters, and notation 6 means comparatively worst performance.
The overall ranking of the catalysts is presented in Table 8 , with 1 being the most effective and 6 being the least effective. The ranking has been presented under both conditions, i.e., in the absence and presence of hydrogen in the reactor feed. The analysis reveals that the best catalyst understudy is catalyst-3, i.e., 1 wt. % Pt/θ-Al 2 O 3 , followed by catalyst-5, i.e., 1 wt. % Pt/γ-Al 2 O 3 . As reported by Usman et al., these two catalysts have nearly comparable stability for 250 hours. The stability and activity of catalyst-1, i.e., 0.3 wt. % Pt/Al 2 O 3, start decreasing just after 50 hours [13] . So, this catalyst cannot be used for the process. The use of catalyst-4, i.e., 1 wt. % Pt/β-Zeolite, leads to comparatively increased production of byproducts, thus conversion with this catalyst is not clean. Furthermore, the stability and activity of the catalyst starts decreasing just after 30 hours. Therefore, this catalyst cannot be used for the simulation system [20, 21] . The properties of catalyst-6, i.e., 0.3 wt. % Pt-Re/Al 2 O 3 , are like that of catalyst-1. Therefore, catalyst-3 and catalyst-5 are superior choices for this system. Notation 1 means comparatively best performance for studied parameters, and notation 6 means comparatively worst performance.
The percentage conversion rate of MCH for both catalysts are nearly the same. Thus, for the selection of the catalyst for the simulation study, various parameters were investigated, i.e., surface area, stability, and manufacturing cost. The surface area (BET value) of catalyst-5 is high, i.e., 208 m 2 /g, while for catalyst-3, the value is 99.1 m 2 /g. The cost of preparation of catalyst-5 is comparatively low as compared to the catalyst-3, i.e., catalyst-5 is prepared at low temperature, while catalyst-3 is prepared at above 700 • C. Furthermore, both these catalysts have nearly the same stability. Therefore, catalyst-5 has been selected for the study. The following kinetic data has been used for the catalyst-5 in Equations (1) 
A detailed investigation of the system under various operational conditions, followed by ranking, presents that the optimum operating conditions for the operation of the dehydrogenation reaction are:
•
Temperature range = 360-390 • C • Pressure range = 1.8-2 bar • Addition/concentration of hydrogen, i.e., H 2 /MCH = 0.5 (by weight)
Percentage of MCH conversion increases with the increase in the feed temperature. However, the increase in temperature leads to decreased operational time of the catalyst, decreasing its activity and stability span. Therefore, the operating range of 360-390 • C is selected. The increase of pressure decreases the rate of conversion in a significant way. Therefore, an optimized pressure range of 1.8-2 bars is selected. Since, the reaction is operating at a high temperature, the catalyst degradation increases than operating at a lower temperature. However, operation at low temperature leads to decreased conversion of the MCH. To overcome this situation, hydrogen addition is carried out with the feed to allow operation of the system at high temperature, improving the stability and activity of the system, by avoiding coke formation on the surface of the catalyst.
Conclusions
The parametric study was carried out on Aspen HYSYS v. 9.0 to investigate the dehydrogenation rate of methylcyclohexane for determining the optimum operating conditions and catalyst. The decrease in pressure and increase in temperature resulted in high percentage conversion of methylcyclohexane dehydrogenation and reduced quantities of byproducts. The optimum operating conditions selected for the process were 360 • C and 1.8 bars. The H 2 /MCH ratio in the feed was maintained as 0.5 for the dehydrogenation system. Although the addition of the hydrogen resulted in a slightly lower methylcyclohexane dehydrogenation rate, it promoted the catalyst activation. The best catalyst found was 1 wt. % Pt/γ-Al 2 O 3 , as its manufacturing cost was comparatively lower, and it has a comparatively higher surface area (BET value). The cyclohexane was the main byproduct at high pressure and low temperature, while benzene was found as the main byproduct at the low pressure and high temperature in the dehydrogenation reactor.
